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Abstract
The tensile deformation behavior and corresponding microstructure evolution of the Mg-4.7Gd-3.4Y-1.2Zn-0.5Zr (at. %) magnesium alloy with
long period stacking structure (LPSO) are studied by electron backscatter diffraction (EBSD) and slip lines methods. The results show that less
and very small size of twins is observed in the grains with high value of Schmid factor for twinning, which indicates that the growth of the {10–12}
twinning deformation is prevented by the LPSO phase. The prismatic lines present in grains of which the prismatic slip Schmid factor is above
0.4. The favorable orientation and LPSO phase synergistically promote the activation of prismatic slip. The inhomogeneous rotation of the grains
during deformation is the reason for the microcrack at grain boundary.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Magnesium and its alloys have received more and more
attention from the engineering applications owing to the low
density, high specific strength and excellent damping capacity
[1–3]. However, the poor mechanical properties limited its
further application in automotive and electronics industries as
well as modern aerospace. Therefore, great efforts have been
devoted to improve the strength and ductility of magnesium
alloys [4–6]. The Mg97Zn1Y2 (at. %) alloy that produced by
rapidly solidified powder metallurgy processing exhibited excellent
mechanical properties with a tensile yield strength of ~600 MPa
and elongation of ~5% at room temperature and the excellent
properties were attributed to the fine grain and LPSO phase
[4]. Recently, the sheet produced by rolling and ageing treatment
exhibited excellent properties with ultimate tensile strength of
517 MPa, 0.2% proof stress of 426 MPa and elongation to
failure of 4.5% [5]. In addition, the formation of LPSO phase
in the rare earth magnesium alloys was found to maintain the
stability of the yield and ultimate strength at elevated temperature,
which may broaden the applications of magnesium alloys as
structure materials at elevated temperature [6].
With the classification and structure of LPSO phase includ-
ing 10H, 14H, 18R and 24R types were acknowledged gradu-
ally by previous studies [7–12], the effect of LPSO phase on
the deformation mechanism of magnesium alloys becomes a
problem that should be solved urgently. M. Matsuda found that
the existence of LPSO phase could increase the critical resolved
shear stress (CRSS) of basal plane and promote the activation
of non-basal plane slip [13] and this conclusion was also
approved by the first principle calculations [14]. However,
K. Hagihara thought that the (0001) < 11–20 > basal slip and
deformation kinks were the dominant deformation mode in the
compression deformation for both 14H-typed and 18R-typed
LPSO phase and the CRSS of basal slip was estimated to be
10–30 MPa [15,16]. Recently, researchers found that the defor-
mation mode of LPSO is basal <a > slip or kink-banding, while
magnesium matrix deformed by basal <a > slip and pyramidal
<c + a > slip [17]. Furthermore, the LPSO phase was seen to
behave elastically, even after the macroscopic yield stress and
into the stress plateau and the existence of LPSO may inhibit or
delay twining deformation [18]. In fact, crystal orientation has
great influence on the activation of slip system and twinning
deformation. Therefore, it is necessary to take the grain orien-
tation into account when studying the effect of LPSO phase on
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deformation mechanism. In this study, initial crystal orientation
of grains are obtained by EBSD and the activation of twinning
deformation and corresponding Schmid factor (SF) is studied
by EBSD. In addition, the shape and surface morphology of
grains are observed by SEM and slip lines method are also
applied to study the activation of slip systems.
2. Experimental procedure
The schematic illustration of the uniaxial tensile sample is
given in Fig. 1. The tensile samples were machined from an
extruded Mg-4.7Gd-3.4Y-1.2Zn-0.5Zr (wt.%) magnesium alloy
bar prepared by hot extrusion at 400 °C with a reduction ratio
of 10.
The texture variation of the tensile sample before and after
tensile deformation was measured by EBSD in the same region.
Uniaxial tensile tests were conducted at room temperature with
1 mm/min tensile rate. The plastic deformation for tensile
testing is closed to 3.5% and the nominal stress-displacement
curve is shown in Fig. 1. The region for the EBSD measure-
ments was prepared by electro polishing in the RD × ND plane,
indicated by a circle in the Fig. 1. Specimens for EBSD and
TEM measurement were prepared by mechanical polishing
and electro polishing using a solution of 60% methanol, 35%
n-butyl alcohol and 5% perchloric acid on Automatic Twin-Jet
Electro polishing device at 30 V and −30 °C. The texture mea-
surement was carried out by a HELIOSN NANOLAB 600i
SEM equipped with HKL Channel 5.0 software and the scan-
ning step is 0.6 µm. TEM images and corresponding selected
area electron diffraction (SAED) patterns were obtained using
an FEI Titan G2 60–300 electron microscope equipped with a
field emission gun operating at 200 KeV. The region with slips
was observed by scanning electron microscopy (SEM).
3. Results and discussion
The microstructure showing in Fig. 2a indicates that the
Mg-4.7Gd-3.4Y-1.2Zn-0.5Zr alloys contains amount of inter-
metallic phases inside grain with different contrast comparing
with magnesium matrix. The bright field TEM image and the
electron diffraction patterns recorded along <11–20 > Mg
direction in Fig. 2b confirm that these intermetallic phases are
14H-LPSO for the existence of thirteen additional spots
between transmission spot and (0002) α spot (inset in Fig. 2b).
Fig. 3 shows inverse pole figure (IPF) maps of the tensile
sample before and after deformation. Colors of grains in maps
represent the crystal orientation with respect to the sample coor-
dinate system. In the Fig. 3a, most of the grains are of blue and
green color which indicates that a large number of grains a-axis
is parallel to the transverse direction (TD) of extruded sheet. This
Fig. 1. Tensile specimen with flat faces inside circle and for EBSD measure-
ments and plastic deformation (~3.5%) of the sample for deformation mecha-
nism study.
(a) (b)
Fig. 2. (a) Optical micrograph of extruded Mg-4.7Gd-3.4Y-1.2Zn-0.5Zr (at. %) magnesium alloy; (b) Bright-field TEM micrograph of LPSO phase in the view of
<11–20> Mg direction and the SAED pattern of the LPSO is shown in the insert to (b).
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texture characteristic of c-axis parallel to ED was also reported in
other studies [19]. Compared with grains orientation before
tensile test, the distribution of orientation in some grains is no
longer homogeneous as shown in Fig. 3b. In addition, it is impor-
tant to note that the black regions are obviously increased and
the black regions are mainly located at grain boundary. The
stress concentration at grain boundary for the serious plastic
deformation may be the reason for the failed measurement by
EBSD. Besides, small amount of deformation bands occur in the
deformation process as illustrated with white oval in Fig. 3b.
Crystallographic analysis confirms that the deformation bands
are {10–12} extension twin (the red lines indicated the {10–12}
twinning boundary). This type of twinning can cause a rotation of
basal plane of an angle of about 86°.
Fig. 4 illustrates the texture characteristic of the sample
before and after tensile deformation. As shown in Fig. 4a, the
majority of grains c-axis is parallel to the extrusion direction
(ED) or perpendicular to the normal direction (ND). After
deformation, the variation of texture characteristic is not very
obvious. The extension of contour line at a value of 4 in ND and
shrinkage in the ED may be caused by the slight adjustment of
some grains c-axis. The adjustment of grain c-axis can be
ED
ND
(b)(a)
Fig. 3. EBSD inverse pole figure map of tensile sample: (a) before tensile deformation; (b) after tensile deformation.
Fig. 4. The {0001} and {10-10} pole figure of tensile sample: (a) and (b) before deformation; (c) and (d) after deformation.
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explained by the following two aspects. On one hand, the basal
plane will rotate to parallel to loading direction for activation of
basal plane during the tensile deformation [20]. On the other
hand, twinning deformation can be activated easily in the grains
whose c-axis parallel to tensile direction and the basal plane of
matrix will be rotated with angle of 86°. The vast of activation
of twinning deformation will cause great texture changes [20].
Similarly, the inapparent changes in texture can also be
explained by the less numbers of twins.
Considering the effect of crystal orientation on twinning
deformation, the grains in the favorable orientation for twin-
ning (the Schmid factor above 0.4) is picked out according to
the distribution of SF for {10–12} extension twinning in
Fig. 5d. The IPF of the selected grains are shown in Fig. 5a. In
addition, the twinning boundary marked with red line is also
exhibited in Fig. 5c. Comparing Fig. 5a and c, it is interesting
that only few and small twin boundaries can be observed, which
means that the twinning deformation is prevented even in the
grains with high twinning SF. Furthermore, the twin boundaries
are mainly found around grain boundary and the twins moving
across the whole grain are difficult to be observed. The above
phenomenon implies that it is the growth process of deforma-
tion twins that is prevented instead of the nucleation process.
The inhibition of twinning deformation in these favorable
grains may be attributed to the existence of LPSO phase.
Intragranular thin-platelet LPSO phases almost occupied the
whole grain which may be a barrier for the growth of twins.
Previous study found that the inhibition of LPSO phase for
twinning is largely dependent on the size of LPSO phase [21].
The thickness of lamellar LPSO phase below 5nm could take
place twinning deformation with matrix while twin have to
bypasses the 12-nm-thick LPSO plate. It implies that twin can
formation and propagation in the region with none LPSO phase
or thin LPSO phase but it is inhibited by the LPSO with larger
size. The mechanism that LPSO phase hinder twinning defor-
mation is still not clear. K. Hagihara thought that the changes in
the atomic arrangement on the pyramidal planes and the pecu-
liar segregation of Y and Zn atoms on the specific layers could
hinder the formation of {10–12} twin in Mg-LPSO alloys [15].
In general, magnesium alloy’s plastic deformation at
ambient temperature is considered to be dominated by basal
slip or twinning. Obviously, twinning deformation is inhibited
by LPSO phase. Hence, basal slip may play the dominant role
in plastic deformation. However, considering the inhibition of
LPSO phase to basal slip as mentation in the introduction,
non-basal slip may be activated in those grains with high SF for
prismatic slip. Therefore, the activation of non-basal slip is
studied by slip line methods.
Fig. 6 presents several examples of non-basal slip lines indi-
cated by white arrows. Compared with the 3D crystal, slip lines
are mainly parallel to the prismatic plane, which indicated the
occurrence of prismatic slip during testing. The number of slip
lines in grains marked with numbers 1 and 3–5 is more than that
in grain marked with 2, indicating that the higher of SF for
prismatic slip may promote the movement of dislocations on
prismatic plane (the SF of former is ranging from 0.4 to 0.46
Fig. 5. (a) The IPF map of grins in the favorable orientation for twinning; (b) corresponding PF maps of the grains in (a); (c) the distribution of {10–12} twinning
boundary indicated by red lines; (d) the distribution of SF for twinning in {0001} PF when loading along ED.
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while the latter is 0.35). Datta et al. found that prismatic slip
was preferred in a 6l structure (ABACAB) and inhibited in 2l
(AB) structure and the authors confirmed that an increase in
stacking periodicity can indeed promote activation of non-basal
slip [14]. On the base of this point, the 14H LPSO exhibited
exhibit longer stacking periodicity. Therefore, the activation of
non-basal slip may be promoted synergistically by LPSO phase
inside grains and favorable orientation for prismatic slip.
In addition, surface relief is observed after deformation
which may be caused by the grains rotation with respect to the
surrounding grains. The grain rotation not only can lower the
total grain boundary energy and relax the stress concentration
efficiently but also adjust the crystallographic orientations to
the favorable orientation for further plastic deformation [22].
However, with the occurrence of grain rotation, some
microcrack nucleation at grain boundary are also observed, as
indicated by red arrows in Fig. 6. As shown in Fig. 6b, the grain
rotation causes a pit formation in the right region of grain 6. By
comparing the crystal orientation around that crack, the
microcrack may be explained by the inconsistent grain rotation
around the crack. The variation of the orientation in grain 6 and
grain 7 is shown as inverse pole figures in Fig. 7b, which
Fig. 6. Examples of identification of activated non-basal slip.
Fig. 7. The crystal rotation of the grins adjoin to the microcrack: (a) IPF map of the grains nearby microcrack (the region labeled as A and B for the different crystal
orientation); (b) the changes of crystal orientation of grain 6 and grain 7 in IPF; (c) the point to origin misorientation angle along the red line.
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represent the position of the tensile axis in the reciprocal space
of the grains. The crystal orientation of regions A and B in
grain 6 is labeled as A and B. It is easy to find that the crystal
orientation of region B takes place great changes compared to
region A and this grain rotation is limited to location region
instead of the whole grain. Compared to grain 6, grain 7 exhib-
its inconspicuous variation. The misorientation evolution along
the red line also indicated that the grain 6 exhibits more intense
changes of crystal orientation than grain 7. These inconsistent
changes of crystal orientation are the reason for the failed
connection of grain boundary and finally cause the formation of
microcrack and the microcrack will be further expended under
the external load.
Considering the inhibition of twin deformation and the acti-
vation of non-basal slip in the Mg-LPSO alloy, the Mg-LPSO
alloy may be a good candidate for the further improvement of
mechanical properties of magnesium alloys. Firstly, the lack of
twinning boundary reduces the nucleation sits of cracks.
Somekawa found that the crack could propagate along the twin
boundary and prevention of the formation of deformation twins
was considered as an efficient methods to improve the fracture
toughness [23]. In addition, the activation of non-basal slip
promotes the more homogeneous plastic deformation of grains
and reduces the concentration of stress. Furthermore, the kink
deformation in Mg-LPSO alloys reported by other researchers
can provide more pathway for plastic deformation and the
kinking LPSO phase can strengthen the Mg alloys [24].
4. Summary
The texture evolution and the effect of LPSO phase on the
deformation mode of Mg-4.7Gd-3.4Y-1.2Zn-0.5Zr magnesium
alloy during uniaxial tensile deformation are studied and the
main conclusions are presented as follows. The initial texture of
Mg-4.7Gd-3.4Y-1.2Zn-0.5Zr magnesium alloys indicated a part
of grains c-axis is parallel to the tensile direction and these
grains are in the favorable orientation for {10–12} extension
twinning. However, less and small size twins in these grains
with high SF for twinning indicate that the {10–12} twinning is
prevented by LPSO phase. The non-basal slip is activated in
some grains by observing the slip line after deformation. The
surface relief and microcrack at grain boundary are observed
after deformation, which is caused by the rotation of grains with
respect to each other.
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